Mortality of laying hens due to cannibalism is a major problem in the egglaying industry. Survival depends on two genetic effects: the direct genetic effect of the individual itself (DGE) and the indirect genetic effects of its group mates (IGE). For hens housed in sire-family groups, DGE and IGE cannot be estimated using pedigree information, but the combined effect of DGE and IGE is estimated in the total breeding value (TBV). Genomic information provides information on actual genetic relationships between individuals and might be a tool to improve TBV accuracy. We investigated whether genomic information of the sire increased TBV accuracy compared with pedigree information, and we estimated genetic parameters for survival time. A sire model with pedigree information (BLUP) and a sire model with genomic information (ssGBLUP) were used. We used survival time records of 7290 crossbred offspring with intact beaks from four crosses. Cross-validation was used to compare the models. Using ssGBLUP did not improve TBV accuracy compared with BLUP which is probably due to the limited number of sires available per cross (~50). Genetic parameter estimates were similar for BLUP and ssGBLUP. For both BLUP and ssGBLUP, total heritable variance (T 2 ), expressed as a proportion of phenotypic variance, ranged from 0.03 AE 0.04 to 0.25 AE 0.09. Further research is needed on breeding value estimation for socially affected traits measured on individuals kept in single-family groups.
Introduction
Mortality of laying hens due to cannibalism is one of the major welfare and economic problems in the egglaying industry (Hocking et al. 2004 ). An increase in mortality is expected, because cage systems are banned within the European Union since 2012 and beak trimming is expected to be banned in 2018. There is therefore an urgent need for methods to reduce cannibalism in laying hens. Genetic selection, alongside improved management, is a promising tool that can lead to a gradual but permanent reduction of cannibalism (Craig & Muir 1996) .
Cannibalism is affected by social interactions among individuals. With social interactions, the phenotype of an individual depends on two genetic effects: the direct genetic effect (DGE) of the genotype of the individual itself and the indirect genetic effect (IGE) of the genotype of its group mates (e.g. Griffing 1967; Muir 2005; Bijma et al. 2007 ). An IGE is therefore a heritable effect of an individual on phenotypes of its social partners. The use of methods that consider only DGE when performing genetic selection on traits affected by social interactions may yield unfavourable results and have sometimes even resulted in selection responses in the opposite direction (Muir et al. 2013) . To improve traits affected by social interactions, it is therefore important to consider both DGE and IGE.
Indirect genetic effects contribute 33-76% of the heritable variance in survival time in purebred and crossbred laying hens (Ellen et al. 2008; Peeters et al. 2012) . When hens are housed in groups composed of multiple families, then DGE and IGE can be estimated from genetic relationships between individuals, using pedigree information (Muir 2005; Ellen et al. 2008) . Layer breeding companies, however, often use recurrent testing, where hens are housed in sire-family groups and dam pedigree is unknown. When hens are housed in sire-family groups, DGE and IGE cannot be estimated separately using pedigree information, because DGE and IGE are fully confounded. Layer breeding companies use a sire model instead, where the total genetic effect of the sire can be estimated. The total genetic effect is the linear combination of the sire DGE and the sire IGE and is the quantity relevant for response to selection (Peeters 2015) .
Genomic data provide information on the actual genetic relationships between individuals (Yang et al. 2010) . Actual genetic relationships between individuals vary around their expected value based on pedigree information because of linkage and Mendelian sampling (Hill & Weir 2011) . It is therefore expected that total genetic effect predictions can be improved using actual genetic relationships calculated from genomic information (Meuwissen 2007) . Moreover, in recurrent test data where only the sire pedigree is known, the dam pedigree can be reconstructed from genomic data. Hence, this reconstructed pedigree distinguishes full-sibs from half-sibs, which may allow estimation of DGE and IGE even when cage mates all have the same sire (but not the same dam).
The aim of this study was to evaluate the potential benefit of using genomic information in estimation of genetic parameters and breeding values for total genetic effects for survival time of laying hens kept in sire-family groups. We used phenotypic data on survival time (days) of four crossbred layer populations with intact beaks, and genomic data on both the crossbreds and their parents. First, we investigated whether direct and indirect genetic parameters could be estimated from the reconstructed dam pedigree or from the actual genomic relationships. However, the majority of these analyses did not converge and we therefore used a sire model which directly estimates the total breeding value. Estimates from a sire model using genomic information were compared to those from a sire model using pedigree information. We used cross-validation to assess predictive abilities of both models. As a second objective, we present estimates of genetic parameters for survival time in crossbred laying hens with intact beaks, for which few estimates are available at present.
Materials and methods

Genetic stock and pedigree
Data on four crossbred White Leghorn layer lines were provided by Institut de S election Animale (ISA) B.V., the layer breeding division of Hendrix Genetics. Hendrix Genetics complies with the Dutch law on animal well-being. Crossbreds descended from one sire line (W1) and four dam lines (WA, WB, WC and WD). The four crosses were coded W1*WA, W1*WB, W1*WC and W1*WD.
A total of 209 sires and 4275 dams were used, with 48-57 sires per cross (Table 1) . Each sire was mated to approximately twenty randomly selected dams, resulting in approximately two female offspring per dam. The sire pedigree was recorded for all offspring. Dam pedigree was unknown.
Housing conditions
Chickens of the four crosses hatched simultaneously in the Netherlands. One-day-old chickens were 
Data
Individual survival (dead or alive, 1/0) was recorded daily. Dead hens were removed and not replaced. The study was terminated when hens were approximately 75 weeks of age. Survival time was defined as the number of days from the start of the laying period until either death or the end of the study, with a maximum of 402 days. Hence, hens that were alive at the end of the laying period received a survival time of 402 days. Cages with less than five hens and cages with mistakes in composition were removed from the data set. Table 1 summarizes the data used for analyses.
Genotyping and SNP quality
Institut de S election Animale genotyped parents using DNA extracted from blood. Birds were genotyped using a custom-made Illumina 60 K chicken SNP BeadChip, which has 52 232 SNPs across chromosomes 1 through 28, Z, W, two unmapped linkage groups and some unassigned. PLINK (Purcell et al. 2007 ) was used for the quality control of genotypes. SNPs with a missing rate >0.30, MAF < 0.005, SNPs with no physical position on the genome, SNPs located on sex chromosomes and SNPs that did not have all genotypes present in the data were removed. Individuals with a call rate <90% were also removed.
The number of genotyped sires and number of SNPs available after quality control for each cross are shown in Table 1 .
Statistical analysis
Data were analysed separately for each cross, because average mortality differed clearly between crosses (see Results). First, we investigated whether direct and indirect genetic parameters could be estimated separately. This might be feasible, because reconstruction of the dam pedigree or the use of actual genomic relationships creates variation in relatedness among cage mates, which is required to separate DGE and IGE (Peeters 2015) . Hence, we fitted an animal model with both DGE and IGE, using either a pedigree relationship matrix or a genomic relationship matrix. However, most ReML analyses failed to converge. We therefore moved to sire models, using either genomic or pedigree relationships, which were implemented in ASReml (Gilmour et al. 2014) .
Pedigree-based sire model (BLUP)
The model was,
where y is a vector of individual survival time records (days), b a vector of fixed effects of the row, level and wing of the laying house, s a vector of sire breeding values, c a vector of random cage effects, and e a vector of residuals. X, Z and V are design matrices. All random effects, including the residuals, were assumed to be normally distributed. The covariance structures for model terms were: varðsÞ ¼ Ar As cage mates had the same sire, the sire effect estimated from this model contains both the direct genetic effect (A D ) and the indirect genetic effect (A I ) of the sire and is an estimate of the total breeding value (A T ) of the sire (Peeters 2015) ,
where n denotes group size (n = 5 here). Thus, the sire variance is an estimate of one quarter of the total genetic variance,
where r 2 AD (r 2 AI ) is the direct (indirect) genetic variance and r A DI is the covariance. The total genetic variance represents the potential of a population to respond to selection (see Bijma et al. (2007) ). The random cage effect was fitted to account for non-genetic covariance between phenotypes of cage members, and to avoid overestimation of the genetic variance.
Single-step sire model (ssGBLUP) As genotypes were lacking for 13 sires, data were analysed by combining genomic and pedigree information using the single-step procedure (ssGBLUP). The model is similar to Equation 1 except that relationship matrix A was replaced by the single-step relationship matrix H (Aguilar et al. 2010; Christensen & Lund 2010) . H À1 was constructed with calc_grm (Calus 2015) , using the method of Aguilar et al. (2010) and Christensen & Lund (2010) ,
whereG is the genomic relationship after regressing it to the pedigree relationship matrix, G ¼ aG þ ð1 À aÞA 22 , with a ¼ 0:80 for line W1*WA, and a ¼ 0:95 for lines W1*WB, W1*WC and W1*WD. G was constructed following Yang et al. (2010) .
Cross-validation
Cross-validation was used to validate estimated total breeding values (TBV) of sires from the two models. With this procedure, known phenotypes are set to missing, their values are predicted, and the correlation between predicted and observed values measures the quality of the predictions. Mutually exclusive subsets were created by setting offspring phenotypes of a single sire to missing, resulting in 54 subsets for W1*WA, 57 for W1*WB, 48 for W1*WC and 50 for W1*WD (Table 1) .
For hens still alive at the end of the laying period, true phenotypes were unknown. These individuals still provide important information as they had the highest survival time. To make as few assumptions as possible on their order of death, we followed Ellen et al. (2010) . In summary, it was assumed that censored animals died in random order after surviving up to 402 days. Under this assumption, censored animals can be given the average rank of all censored animals.
Observed phenotypes for uncensored individuals were simply the ranks of observed survival time corrected for fixed effects (P i À P ), which were estimated using a linear model with only fixed effects. Hence, we used ranks instead of phenotypes to combine information on both censored and non-censored individuals (Ellen et al. 2010) . Note that the objective was to validate estimated total breeding values (TBV) of sires. When cages consist of half-sibs, the sire TBV surfaces in the average phenotype of the cage Peeters 2015) . Thus, validation was based on the average ranks of cages (rankð P c Þ ¼ 1 nw P n w 1 rankðP i À PÞ ; n w is the number of individuals within each cage, n w = 5), rather than on individual phenotypes. Therefore, the final observed phenotype of a sire (P obs ) was the average of the cage-average ranks of its offspring (P obs ¼ 1 n c P nc 1 rankð P c Þ; n c is the number of cages per sire). The predicted phenotype (P ) of a sire was the rank of half the estimated TBV of the sire.
Approximate accuracies of estimated TBV of sires were calculated for both models from the Pearson correlation of predicted and observed ranks (hereafter rank correlation; Ellen et al. 2010) . The expected rank correlation is approximately the product of the accuracy of the estimated TBV and the correlation between the true TBV and the phenotype. Thus, the approximate accuracy of estimated TBV of sires (r IH ) was calculated by dividing the rank correlation by the correlation between the true TBV of the sire and the mean phenotype of its offspring (r),
where n c is the average number of cages per sire ( n c = 7.2 for WA, 6.8 for WB, 7.0 for WC and 7.0 for WD). The numerator of Equation 6 represents the variance in progeny averages due to the sire and the denominator the total variance of progeny averages, and estimates were taken from BLUP. Note that the latter does not affect model comparison, as the same value was used for both models.
Results and discussion
Survival and survival time Large differences in survival time (days) and survival (%) were found between the four crosses ( Figure 1 , Table 2 ). Cross W1*WC had the lowest survival (63.1 AE 1.2%) and lowest mean survival time (324 AE 3 days). Cross W1*WA had the highest survival (78.3 AE 0.9%) and highest mean survival time (365 AE 2 days). These results agree with previous studies showing that feather pecking differed between strains or breeds (Hughes & Duncan 1972; Hocking et al. 2004) and that layer lines differ in survival and survival time (Ellen et al. 2008; Peeters et al. 2012; Alemu et al. 2016) . Peeters et al. (2012) reported a higher mortality in crossbred lines compared with purebred lines. In their study, a higher mortality in crossbred lines was found compared with our study.
Differences in survival and survival time were found between wings, levels and rows of the laying house ( Table 2 ). The top level had a lower survival and survival time than the bottom level. Previous studies have shown that light intensity affects survival and survival time of laying hens (e.g. Hughes & Duncan 1972) . In our study, the top level was in closer proximity to light sources, which might have caused the lower survival and survival time compared with the bottom level. Table 3 shows estimated genetic parameters from BLUP and Table 4 shows estimated genetic parameters from ssGBLUP. Results from both methods showed that the four crosses differed in r 2 A T . Genetic parameter estimates were similar for BLUP and ssGBLUP. Total genetic variance, expressed as a proportion of phenotypic variance (T 2 ), ranged from 0.03 for cross W1*WA to 0.25 for cross W1*WC. Because our cages were composed of family members, the genetic parameters in Table 3 and Table 4 refer to total genetic effects, including both DGE and IGE (see Methods). Total genetic standard deviations ranged from 14 days for W1*WA to 62 days for W1*WC. Peeters et al. (2012) found values of~60 days in crossbred laying hens. Together with the theoretical work of Ellen et al. (2007) , Peeters et al. (2013) and Muir et al. (2013) , these results suggest that mortality due to cannibalism can be reduced by selection using a sire model, even though underlying DGE and IGE are unknown, because sire models capture the TBV. This Survival time is the average number of days from the start of the study (on average 17 weeks old) till either death or the end of the study.
Genetic parameters
is supported by evidence of Muir (1996) that showed that hens housed in sire-family groups can successfully be selected against mortality.
Because we used a sire model, the estimates refer to genetic variation for crossbred performance within the sire line. The sire line was the same for all crosses. Nevertheless, variance components differed considerably between crosses (Table 3 and Table 4 ). The large differences in the sire variance between crosses correspond, however, reasonably well with the large differences observed in mean survival and in phenotypic variance (Table 2 and Figure 1 ). When mean survival increases, a larger fraction of individuals is censored which reduces phenotypic variance (as censored individuals were all given the maximum survival time). This reduces phenotypic variance, and also heritabilities. Although we cannot mathematically prove it, we think that the latter is similar to the situation with a 0/1 trait, where heritabilities on the observed scale decrease when prevalence is approaching zero (Dempster & Lerner 1950) .
Cross-validation Table 5 shows the rank correlations between observed and predicted phenotypes, corr P obs ;P Â Ã , for BLUP and ssGBLUP. Most rank correlations were not significantly different from zero, except for W1*WD with sire BLUP and for W1*WC with ssGBLUP. Results varied between crosses and showed no convincing pattern. Using data on brown layer lines, Alemu et al. (2016) also compared BLUP to ssGBLUP using a sire model. They found~33% improved accuracy with ssGBLUP compared with BLUP, whereas our study yielded inconsistent results. Alemu et al. (2016) also investigated the benefit of ssGBLUP for response to selection and found that increases in response were substantially larger (~90%) than those in accuracy. A major contribution of this increase originated from higher accuracy of selection in females.
One of the factors that may have benefited ssGBLUP in the research of Alemu et al. (2016) is that multiple generations of phenotypes and sire genotypes were used, five for one line and three for the other line. Research of Muir (2007) showed that with an increasing number of generations of data, GEBV accuracies increase as well, whereas BLUP accuracies plateau. In our research, we had only a single generation of phenotypes that have sire genotypes available. We, however, think that the difference between results from Alemu et al. (2016) and results from our study is mainly due to the large difference in the number of sires between both studies. We had~50 sires per cross, whereas Alemu et al. (2016) had~500 for one sire line and~280 for another sire line. The training population used in Alemu et al. (2016) was consequently larger compared with our training populations. The size of the training data partly determines the success of genomic prediction (Daetwyler et al. 2008) . We investigated whether it is theoretically expected to find significant accuracies, given the number of sires. First, we calculated the theoretically expected accuracies (Daetwyler et al. 2008) ,
where r 2 is the reliability of sire TBV which is the square of Equation 6, M e is the effective number of chromosome segments (M e is 565 for W1*WA, 579 for W*WB, 771 for W1*WC and 415 for W1*WD), and N p is the number of sires in the training population. Secondly, we calculated the corresponding standard error (SEðrĝ g )) (Bijma & Bastiaansen 2014) :
Theoretically expected accuracies and corresponding SE were 0.12 AE 0.14 for W1WA, 0.19 AE 0.13 for W1WB, 0.19 AE 0.14 for W1WC and 0.24 AE 0.14 for W1WD. Thus, none of the theoretically expected accuracies are expected to be significantly different from 0. This corresponds with our cross-validation results where most rank correlations were not significantly different from 0. This implies that our study would benefit from an increased training population. An option would be to combine phenotypic data of all four crosses, which may be feasible because the crosses originate from a single sire line resulting iñ 200 genotyped sires.
Model
Survival time was analysed using a linear mixed model. Shortcomings of this model are that censored records are considered as true survival time records and that the non-normality of survival time records violates the normality assumption of the linear mixed model. Muranty et al. (2015) observed that genomic prediction accuracy is highly influenced by phenotypic distribution. The choice of model may therefore have affected the outcome of our results.
Survival analysis, for example, can deal with both censoring and non-normality of survival data (Kalbfleisch & Prentice 1980). Ellen et al. (2010) found, however, no benefit of survival analysis compared with analysing survival time using a linear mixed model when social interactions are included in the model. Brinker et al. (2015) proposed to analyse survival as a repeated binomial trait to account for censoring. TBV accuracies improved up to 21% compared with analysing survival time using a linear mixed model. We applied this model to our survival data of W1*WB (worst ssGBLUP predictions) and W1*WC (best ssGBLUP predictions). We analysed the repeated binomial survival records with a logit link function to account for the nonlinearity of the trait. Accuracies from BLUP were 0.018 AE 0.134 for cross W1*WB and 0.290 AE 0.134 for cross W1*WC. Accuracies from ssGBLUP were À0.125 AE 0.132 for W1*WB and 0.395 AE 0.123 for W1*WC. Accuracies improved for both BLUP and ssGBLUP when analysing repeated binomial survival compared with analysing survival time. However, both methods lead to the same conclusion: using ssGBLUP did not improve accuracies for W1*WB, but it did for W1*WC.
We have investigated the benefit of genomic information for the prediction of breeding values for a socially affected trait. Despite the large number of genotyped and phenotyped individuals, we found little benefit of genomic information. This result originated from the difficulty in estimating DGE and IGE when cage mates are related, even when genomic data are available. In our data, social groups (i.e. the cages) consisted of a mix of full-sibs and half-sibs. All cage mates had the same sire, but in most cases a different dam. Genotypes were available on nearly all individuals, and on both sires and dams, and dam pedigrees were reconstructed based on the genotypes. While this provided some variation in relatedness among cage mates, this appeared insufficient to separate DGE from IGE, as illustrated by the convergence problems of the DGE-IGE animal models.
An alternative approach would have been to fit an animal model with only the DGE of the individuals. However, when cages are composed of a mix of relatives, the interpretation of the estimates of a DGE model is unclear. In an animal model, the DGE of an individual will partly pick up the IGE of its group mates when group mates are related (Muir et al. 2013; Peeters 2015) . Hence, EBV from such a model are a mix of DGE and IGE. It is unclear how an estimate of the TBV can be obtained from those estimates, and how cross-validation can be done. Similar issues occur in a sire-dam model. For those reasons, we used a sire model. The sire model yields an estimate of the TBV, because all cage mates descended from the same sire. However, with a sire model, only~50 genotyped individuals (i.e. sires) were available per cross as a reference population, which proved insufficient to find a benefit of genomic information. In conclusion, because of the close relationships between cage mates in our data, we did not manage to utilize the large amount of genotypic data (~7000 reference individuals) for the genomic prediction of TBV. An option to utilize the data better would be to use pooled cage observations for variance components estimation and cross-validation. Analyses of pooled cage observations when data are housed in half-sib families yield estimates of the TBV and its variance (Peeters et al. 2013) . This approach may better reveal the benefit of genomic selection, because we can utilize~1400 pooled records of phenotypes and genotypes of cage mates. Further research is needed on how genomic information can be used for breeding value estimation on socially affected traits measured on individuals kept in groups composed of a mix of close relatives.
Conclusion
The estimated total genetic variation available for selection was similar for BLUP compared with ssGBLUP. Cross-validation results showed no improvement in the accuracy of breeding value predictions, probably because of the limited number of sires and the use of a sire model. Further research is needed on the estimation of breeding values for socially affected traits measured on individuals kept in groups composed of a mix of close relatives.
